Extensive seafloor authigenic carbonate crusts occur as pavements, mounds and chimneys along the North Anatolian Fault System (NAFS) in the Sea of Marmara. They are often covered or surrounded by patches of black Fe-sulphide-rich sediments, and associated with hydrocarbon-rich gas and brackishwater emissions in the 1250 m-deep deep basins and with deep saline formation waters and hydrocarbons emissions from mud volcanoes and anticlines on the 350 to 650 m-deep compressional highs.
Introduction
Hydrocarbon-rich cold seeps and associated authigenic carbonates are encountered in various oceanic and marine settings, including active and passive margins, but also in silled marine basins such as the Mediterranean Sea, the Black Sea and the Sea of Marmara (Paull et al., 1985; Kennicutt et al., 1985; Moore et al., 1990; Aloisi et al., 2000 Aloisi et al., , 2002 Peckmann et al., 2001; Charlou et al., 2003; Naehr et al., 2007; Tyler et al., 2003; Campbell, 2006; Birgel et al., 2011; Crémière et al. 2012 Crémière et al. , 2013 . Typically, the fluids are enriched in methane and other hydrocarbons produced by microbial degradation of organic matter or by thermogenic processes. The discharge of methane-rich fluids at the seafloor is usually associated with development of chemosynthetic communities and precipitation of authigenic carbonate deposits. The formation of cold seep carbonates results from the anaerobic oxidation of methane (AOM) (Boetius et al., 2000; Valentine and Reeburg, 2000; Orphan et al., 2001; Niemann et al., 2006; Reeburgh, 2007) :
2-→ HCO 3 -+ HS -+ H 2 O
The AOM reaction with a high upward methane flux provides the necessary HCO 3 -and HS -ions for the precipitation of the authigenic carbonate crusts and Fe-sulphide precipitates at or close to the seafloor (e.g., Aloisi et al., 2000; Peckmann et al., 2001; Greinert et al., 2002; Naehr et al., 2007; Tryon et al., 2010; Peketi et al., 2012; Pierre et al., 2012) . Furthermore, the reaction provides food and energy for the chemosynthetic communities observed in the cold seep sites, including the Sea of Marmara (Paull et al., 1984; Bergquist et al., 2003 Bergquist et al., , 2007 Levin and Mendoza, 2007; Ritt et al., 2010 Quaiser et al., 2011) .
In the Sea of Marmara, widespread cold seep activity occurs along the North Anatolian Fault System (NAFS), a major continental transform plate boundary between Eurasian and Anatolian-Aegean plates (Armijo et al., 2005; Geli et al., 2008; Zitter et al., 2008; Dupre et al., 2015) . The seafloor is cut by the northern and middle splays of the NAFS. It is composed of three deep basins (Tekirdağ, Central and Çınarcık) reaching down to 1270 m water depth, NE-SW trending transpressional ridges (Central and Western Highs) separating the subbasins, and shelf areas with less than 100 m-depth (Fig. 1) . The NAFS generates devastating earthquakes along its 1200 km length with about 250 yr recurrence time (Parsons et al., 2000; Barka et al., 2002) . The last major earthquakes occurred in 1912 and 1999 in the west and east of the Sea of Marmara, with Mw=7.4 Mürefte, Ganos earthquake (Aksoy et al., 2010) and the Mw=7.4 İzmit Earthquake (Barka et al., 2002) , hence leaving a major part of the Sea of Marmara as a seismic gap that is expected to be filled in by one or more earthquakes in the near future.
Methane-rich fluid emissions from the NAFS in the Sea of Marmara were first discovered on the Western High during the R/V Meteor cruise M44/1 in 1999, only a few months before the 1999 Mw=7.4 İzmit Earthquake (Halbach and scientific party, 2000) . Following the 1999
İzmit earthquake, strong evidence of gas emissions was detected in the İzmit Gulf water column (Alpar, 1999; Kuşcu et al., 2005) . A subsequent cruise (Marmarascarps), operating the ROV Victor 6000, allowed the first observations of widespread fluid emissions, carbonate crusts and chimneys, and reduced sediments in the Western High, Tekirdağ Basin and Central
Basin (Armijo et al., 2005) . Later on, detailed seafloor observations and sampling of gas, pore waters, sediments, gas hydrates and carbonate crusts were made during Marnaut and Marsite cruises using Nautile manned submersible and ROV Victor 6000 dives in 2007 and 2014 (Henry et al., 2007; Ruffine et al., 2015) .
The fluids emanating from NAFS in the Sea of Marmara have a variety of compositions that indicate different contributions from crustal versus mantle-derived fluids having various origins (Bourry et al., 2009; Chevalier et al., 2011; Burnard et al., 2012; Tryon et al., 2010 Tryon et al., , 2012 . Cold seeps and associated carbonate crusts, mounds and chimneys occur along the active faults of the NAFS (Chevalier et al., 2011; Crémière et al. 2012 Crémière et al. , 2013 . The seeps emerge from the basin bounding extensional or transtentional faults as well as from the strike slip segments of the NAFS (Dupré et al., 2015) . They commonly occur as diffuse flow with gas bubbles but in some cases the flow is focused with emission of brackish waters, where they form carbonate chimneys. The cold seep sites are associated with black reduced sediments on the seafloor, which are colonized by white to yellow-orange bacterial mats and diverse communities of chemosynthetic benthic fauna, including bivalves, sea urchins and siboglinid polychaete (tube worms), all associated with symbiotic bacteria (Ritt et al., 2010 Quaiser et al., 2011) .
Previous studies on Marmara Sea authigenic carbonates collected during the Marnaut cruise (2007) include stable isotopes and mineralogical analyses and U-Th dating of seafloor deposits and sedimentary concretions by Crémière et al. (2012 Crémière et al. ( , 2013 . The methane-related seafloor carbonate crusts appear to be associated with seismic activity along the NAFS, and could provide a record of past earthquake activity along the different segments. In the present study we analysed seafloor carbonate crust, mound and chimney samples collected in 2014 during the Marsite cruise (Ruffine et al., this issue) , together with some additional samples from the Marnaut cruise ( Fig. 1 ; Henry et al., 2007) . The main objectives of this study are: 1) reveal the fluid sources along different fault segments, 2) better constrain the timing of seepages and the mode of formation carbonates, and 3) investigate possible relations between seismic activity and fluid emission. Taken together with the published data from Crémière et al. (2012 Crémière et al. ( , 2013 , the obtained results are discussed in terms of environmental conditions, tectonic setting, origin of fluids and mechanisms of formation of the seafloor authigenic carbonates and black sulphidic sediments along the active faults in the Sea of Marmara.
Background

Geological setting
The Sea of Marmara is a 280-km long and 80-km wide intracontinental sea located between the Mediterranean and the Black Seas (Fig. 1A) . It is connected to the saline Aegean Sea and the Black Sea via the Çanakkale (Dardanelles) and İstanbul (Bosphorus) straits, respectively.
The Sea of Marmara is located on the dextral NAF zone that is a 1200 km long intracontinental plate boundary connecting East Anatolian convergent zone with the Hellenic subduction zone (Şengör et al., 2014; Le Pichon et al., 2015) (Fig. 1A) . The NAF splays into branches east of the Marmara region, forming a westward widening deformation zone under the influence of the N-S extensional Aegean regime (McKenzie, 1972 , Taymaz et al., 1991 Şengör et al., 2014; Le Pichon et al., 2015) . The most active northern branch of the NAF is the Main Marmara Fault (MMF; Le Pichon et al., 2001 ) that enters the Gulf of İzmit in the east and is connected to the Ganos-Saros Fault in the west (Fig. 1A) . The strike-slip MMF consists of different segments and forms extensional and transpressional bends (Fig. 1A ).
There are also extensional boundary faults that splay from the Main Marmara Fault and delimit the deep basins.
The Sea of Marmara evolved on a complex basement that consists of various paleotectonic units of Paleozoic to Paleocene age, their cover rocks and the Eocene to middle
Miocene rocks of the Thrace Basin (Turgut et al., 1991; Görür and Okay, 1996; Şengör et al., 2005 . The gas-and minor oil-bearing Thrace Basin extends southward in the western and central parts of the Sea of Marmara where it is cut by the MMF (Görür and Elbek, 2013; Şengör et al., 2014) .
The NE-trending, Central and Western Highs separate the Çınarcık, Central and Tekirdağ
Basins and rise about 600 m above their surroundings (Fig. 1A, B, D) . The highs are transpressional structures formed penecontemporaneously with the MMF and the deep basins (Fig 1B, D; Fig. 2 ). The Western High has a rough surface morphology with NE-trending folds, small basins and soft-sediment-deformation and mud-diapiric structures (Figs. 1A, 1B,
2) (Dupré et al., 2015) . The high consists of at least 6 km thick sedimentary sequence (Bayrakcı et al., 2013) , the lower part of which is probably constituted by the EoceneMiocene sedimentary rocks of the Thrace Basin (Görür and Elbek, 2014; Şengör et al., 2014; Le Pichon et al., 2015) . The MMF on the Western High consists of two segments with the development of 5 km long and 1 km wide, small E-W trending pull-apart basin at the offset in the western part (Fig. 1B) . The mud volcanoes north of the MMF are about 250 m diameter, and characterized by widespread fluid emissions with oil, hydrocarbon gas and brines (Bourry et al., 2009; Tryon et al., 2012; Ruffine et al., this issue b) . They are also the sites of gas hydrates occurrence, black reduced sediments, barite precipitates and bacterial mats (Fig 4B) .
The Central High is a broad antiform cut by the MMF. Irregular topography is caused mainly by slope creep and erosion (Fig. 1D ). Micro-bathymetric mapping and seafloor dive observations indicate that the fault scarps of the MMF on the Central High segment is covered by sediments and that its seafloor expression is less pronounced than that of the other segments, all suggesting a lack of recent fault activity (Armijo et al., 2005; Henry et al., 2007) .
2.2.Oceanographic setting and late Pleistocene-Holocene paleoceanography
The Sea of Marmara is connected to the saline Aegean Sea (̴ 38.5 psu) and the brackish Black Sea (̴ 18 psu) via the Çanakkale (Dardanelles) and İstanbul (Bosphorus) straits with the present-day sill depths of -65 m and -35 m, respectively. The sea is characterized by a twoway water exchange between the adjacent seas with a permanent halocline located at 25 m water depth (Beşiktepe et al., 1994) . The Mediterranean water forming the subhalocline waters enters the Sea of Marmara through the Çanakkale Strait as an undercurrent. It flows eastwards slowly over the deep basins and highs, gradually consuming its oxygen content in the bottom waters from 50 μmol/kg in the Tekirdağ Basin, to 25 μmol/kg in the Central Basin and 8 μmol/kg in the Çınarcık Basin .
Because of the shallowness of the Çanakkale Strait, the Sea of Marmara lost its connection with the Mediterranean during the glacial periods and became a lacustrine environment during the marine isotope stages (MIS) 2, 3 and 4 (Çağatay et al., 2009, 2015) .
The last marine reconnection was fully established at 12.55 ka BP (Çağatay et al., 2015) , after the initial connection at 14.7 ka BP (Vidal et al., 2010) . Soon after every full connection during MIS-1 and MIS-5, sapropel deposition took place under suboxic-dysoxic conditions (Çağatay et al., 1999 Tolun et al., 2002) . The salinification of the Sea of Marmara during the marine reconnection was a relatively rapid process (1-2 ka) compared to the freshening by Black Sea outflow after the isolation (10s of ka, Çağatay et al., 2009; Aloisi et al., 2015) . Using Cl − , δ 18 O and δD of Sea of Marmara pore water and a transport model, Aloisi et al., (2015) provided estimates for the salinity ( 4 psu) and δ 18 O ( −10.2‰ V-SMOW) of the Marmara "Lake" bottom waters before the reconnection.
Sampling sites
Deep basins
Tekirdağ Basin.
Marsite dive site DV04 (samples DV04-CC01, DV04-CC04) is located in proximity to the MMF, which is also the southern boundary fault of the Tekirdağ Basin (Fig. 1B , Table 1 ). In the SE Tekirdağ Basin, the fault turns a few degrees WSW from its E-W orientation on the Western High, and becomes transpressive (Fig. 1B) . The seafloor at the sampling sites is covered by 7-15 cm thick carbonate crusts containing cemented bivalve shells and calcified tube worms. There are also patches of black reduced sediments with inarticulated, dead shells of benthic fauna (bivalves, sea urchin) and few live chemosynthetic biological indicators, which suggests reduced methane gas flux at these sites . However, mussels attached to carbonate crusts are observed near chimneys expelling brackish water. The pore water alkalinity of the surface sediments measured in one core in this site is 3.5 mM (unpublished Marnaut data).
DV04-CC01 was sampled 185 m north of the fault at 1107 m water depth, where a weak active fluid venting is observed (Fig. 1B) . At the sampling site, besides a 15 cm thick carbonate crust and the underlying black reduced sediment, there are some local patches (~10 cm in diameter) of carbonate-cemented bivalve shells (Fig. 3B ). Sample DV04-CC04 was collected at 1100 m water depth, 2 km northwest of a canyon mouth extending down from the southern Tekirdağ Basin slope (Figs. 1B, 3A) . Here the carbonate crust forms an up to 15 cm thick scarp that is colonized by patches of deep water corals (Fig. 3A) .
Three samples analysed by Crémière et al. (2012) at site of the Marnaut (Nautile) dive site 1667 are close to the canyon mouth, where there is a 0.5 m high, active carbonate chimney or vent referred to as "Jack the Smoker" (Armijo et al., 2005; Burnard et al., 2012) .
Here, the brackish Marmara "Lake" waters exit through the fault seafloor rupture from a high permeability layer of coarse shelly sand transported via the canyon and buried a few meters below the seafloor .
Sample 1647-R1 is located between two E-W trending subsidiary faults that connect with the boundary fault at the western margin of the Tekirdağ Basin, which itself merges with the Ganos Fault further south (Fig. 1B) . At this site active venting of fluids containing mantlederived He and CO 2 can be observed (Burnard et al., 2012; Ruffine, this volume a) . Sample 1647-R1 was collected from the carbonate crust on the edge of the active fluid venting site (Fig 3D) . Near the venting site, the normal beige, oxic sediment cover contains 1-1.5 cm diameter boring holes of the pink shrimp, Parapenaeus longirostris (Lucas, 1846) (Artüz, 2006; Öztürk, 2009 ).
Central Basin.
Marnaut dive site 1661 (samples 1661-R1 to 1661-R7) is located on the northern boundary fault near the eastern edge of the Central Basin (Fig. 1C , Table 1 ). Widespread gas emissions occur along the boundary fault and the en-echelon extensional oblique faults (Dupre et al., 2015) .
Samples 1661-R1 and 1661-R2 were recovered from -1156 m water depth in the eastern Central Basin (Fig 1C) , where the seafloor is covered with a carbonate pavement and local patches of black reduced sediments (Fig. 4A, D (Fig. 4B ).
Sample 1661-R5 is recovered from the top of a 2-m high carbonate mound at -1141 m water depth (Fig. 4C) . The mound appears to have been built by the deposition of irregular carbonate layers on top of each other. Its base is fractured possibly by faulting. No fluid activity was observed in and around the mound at the time of sampling. Seafloor at the site of sample 1661-R6 consists of flat carbonate pavement associated with 5 mm thick black reduced sediments with scarce dead bivalve shells, and covered by beige to light brown sediments (Fig. 4D) . The sample represents a 0.6-0.8 cm thick carbonate crust with a laminated structure. Sample 1661-R7 was collected from a carbonate pavement, surrounded by patches of black reduced sediments at -1139 m water depth. The sampled crust is dark brown and black on the surface and grey on broken fresh and unexposed surfaces.
Çınarcık Basin.
An authigenic carbonate sample DV05-CC01 and a calcified coral sample were collected -1237 m depth in southeast Çınarcık Basin (Fig. 1E , Table 1 ). Crémière et al. (2012) analysed three samples from the same area that is characterized by a set of NW-trending extensional faults, acoustically detectable gas emissions and extensive black reduced sediments (Burnard et al., 2012; Dupré et al., 2015) . Sample DV05-CC01 was recovered from a 2 m diameter and 1m high carbonate mound at a water depth of -1237 m (Fig. 5A ). Black reduced sediment patches and brick-red oxidation colours were observed on and around the carbonate mound. Dead and live deep water corals were attached to the edge of the carbonate mound. The calcified coral sample DV05-Coral2 was collected from a colony near the mound (Fig. 5B ).
Sample 1658-R1, analysed by Crémière et al. (2012) , was sampled from -1176 m water depth, on a bench formed by mass wasting material from the Palaeozoic rocks forming the steep northern escarpment of the Çınarcık Basin (Figs. 1E) . The bench is characterized by gas bubbles seeping through the porous talus material, as observed during the acoustic surveys (Dupré et al., 2015) . The area contains numerous Palaeozoic rock blocks of various sizes. The carbonate crusts and carbonate cemented breccia were covered by 10-15 cm thick soft sediment (Fig. 1E) . A 100 m long and 50 m wide black patch of reduced sediments with white and orange microbial mats extends along the sampling area .
Relatively high levels of pore-water alkalinity were observed in the near-surface sediments of the Çınarcık Basin, with up to 24 mM in the southeast (dives D05, 1663, 1659) and up to 8 mM in the north (unpublished Marnaut data) (Fig. 1E ).
Pressure highs
Western High.
Authigenic carbonate samples 1662-R1, DV02-CC03, 1662-R3, 1662-R4 and 1662-R5 and one barite sample (1666-R1) were located on the two mud volcanoes in the central part of the Western High (Fig. 2) . The sampling depths range from -646 to -656 m. (Fig. 1B , Table 1 ).
The site of sample 1666-R1 (barite) is close to the gas hydrate location and the carbonate mound site on a mud volcano where dense fluid (brine) flow with oil and gas hydrocarbons and barite precipitates are observed (Bourry et al., 2009; Tryon et al., 2012) .
Barite occurs as 10-15 cm high, 15-25 cm diameter chimney-like mounds or white flat precipitates surrounded by a halo of black reduced sediments and bacterial mats ( Table 1 ). The site of sample 1662-R1
consists of discontinuous carbonate crusts with irregular surface and thickness, with some 15-25 cm in diameter chimney-like crusts or mounds (Fig. 6A ). These small chimneys appear to locally merge together forming larger mounds with 2-3 m in diameter. Samples 1662-R1 to 1662-R3 and sample 1662-R5 were collected from chimney-like crusts, whereas sample 1662-R4 was recovered from flat carbonate crust (Table 1) . Gas bubbles were observed during the collection of samples at this site.
Central High.
Samples 1664-R1 and 1664-R2 are located on an anticline, about 1 km south of the MMF, where active gas emissions occur (Dupre et al., 2015) (Fig. 1D , Table 1 ). Sample 1664-R1 is located at -323 m water depth, east of the Central High. The authigenic carbonate crusts occur as discontinuous patches, containing a rich bivalve colony of mytilids. The sampling area also has patches of black reduced sediments with an outer halo of white bacterial mats. The substrate below the surface sediments is hard and could not be penetrated by push cores, suggesting widespread presence of carbonate crust underlying the sediment cover.
Sample 1664-R2 was recovered at -326 m water depth from a carbonate pavement covering an 8 m x 4 m area, elongated in N-S direction (Fig. 6D ). The carbonate pavement is covered by a few cm thick beige sediment. The surrounding sediments are predominantly beige with patches of black reduced sediments. Some intermittent bubble emissions were observed from small chimney-like structures during the sampling operations.
Sampling and analytical methods
Sampling methods
A total of 17 seafloor authigenic carbonate samples, one barite sample and two calcified coral samples were collected during the Marnaut (2007) and Marsite (2014) cruises using the Nautile manned submersible and the Victor 6000 ROV, respectively (Henry et al., 2007; Ruffine et al., 2014) (Table 1 
Petrographic studies
Structures and textures of representative sample pieces were studied and characterized at centimetre to micrometre scales, using a binocular microscope, a petrographic microscope, and JEOL JSM-7000F scanning electron microscope (SEM) coupled with an energy dispersive XRF spectrometer (EDS). The samples were coated by platinum and analysed by the SEM using 10 kV voltage.
XRD Mineralogical analysis
Mineralogical analysis of the authigenic carbonate cement, barite and deep water coral samples were carried out a by semi-quantiative X-ray diffraction (XRD). A Bruker D8
Advance X-ray diffractometer equipped with a Lynxeye detector was used for the analysis.
The powder samples were mounted on concentrically grooved sample holders made of polymethyl methacrylate (PMMA) having 25 mm diameter. Samples were analyzed using Cu (Goldsmith et al., 1961) . C (1 σ).
Stable oxygen and carbon isotope analyses
Inductively coupled-mass spectrometry-emission spectroscopy (ICP-MS-ES) analysis
About 0.25 g of sample powder was dissolved in hot HNO 3 -HClO 4 -HF mixture until dryness.
The residue was dissolved in 10% HCl and the sample solution was analysed for Ca, Mg, Al, Fe, K, Mn, S, Sr, Ba, Rb, Li and Mo by a combination of ICP-MS and ICP-ES (Bureau Veritas Minerals, 2015) . The precision of the method for all the analysed elements is better than 5% at 95% confidence level.
U-Th analysis and dating
The chemical procedure used in this study was described in detail by Bayon et al. (2015) .
Each carbonate cement sample visibly free of shells and shell fragments and detrital minerals was dissolved in 7.5 M HNO3, spiked with a mixed 236U/229Th spike, and digested in concentrated HNO3 on the hotplate. After centrifugation, undissolved residual fractions were fully digested with a mixed (3:1) HF:HCl solution, and added back into corresponding supernatants for evaporation. U and Th were separated after Fe-oxide co-precipitation using conventional anion exchange techniques. U and Th concentrations and isotope ratios were measured with a MC-ICPMS (Neptune) at the Pôle Spectrométrie Océan (PSO, Brest).
U-Th carbonate age calculations were performed by the isochron method with the ISOPLOT program (v. 3.71, Ludwig, 2009 ) in order to correct measured ratios from detrital contamination. For the Marmara Sea samples, the activity ratios used for the detrital endmember are derived from Crémière et al. (2013) , determined experimentally by analyzing several representative sediments from the Sea of Marmara.
Results
Petrography
The studied authigenic carbonates from the Sea of Marmara display a variety of forms including slabs, pavements, mounds and chimneys of variable size and shapes, as described in section 2.3. They are commonly grey on fresh surfaces, but black, dark brown or orange on their oxidized outer surfaces (Figs. 7 and 8). The crusts are often porous, having a spongy and sinter-like structure, and constructed with framework elements of shells and shell fragments of bivalves, serpulid tube worms (polychaete), fibrous microbial organic matter, echinoids, and minor to trace amounts of illite, smectite and quartz.
Samples collected from small carbonate chimneys (e.g., 1662-R1, 1662-R4, Western The carbonate crusts commonly contain less than 0.5 mm wide, light gray carbonate and brown-orange iron oxyhydroxide veinlets and disseminated oxidized pyrite grains with up to 200 μm diameter (Fig. 8D ).
Samples recovered from the carbonate mounds (e.g., 1661-R5, DV05-CC01) have ochre, umber and black colours on the surface and grey to dark grey colours on fresh surfaces. They often have botryoidal, banded, and locally sugary and honey-combe structures and textures (Fig. 7D , 8A, 9A), and contain only rare 0.5-1 cm mytilid and 0. (Fig. 7C, E and F) . The pebbles, most likely transported via the canyon in the south, are covered by filamentous microbial mats (Fig. 7F) . The carbonate matrix is grey and contains 0.25-2 mm diameter and 1.5-5 mm long serpulids belonging to species Serpula vermicularis (Fig. 8B, C) . Sample 1661-R1 from the eastern Central Basin has a porous, sinter-like texture and beige to light grey colours with a local umber colour due to iron oxyhydroxide staining (Fig. 7B ). Its framework consists predominantly of serpulid tube worms with a 2-3 mm diameter and up to 3 cm laminated and lithified sediment clasts. Macro and microfossils are restricted to only a few juvenile molluscs and echinoid shells and shell fragments of less than 1 cm-size and rare coccoliths and diatoms (Fig. 9F ).
Less commonly, the seafloor carbonates forming the pavement or flat slabs (e.g., 1661-R3, eastern Central Basin) are highly dense, compact and hard, most likely formed by lithification of seafloor muds by carbonate cementation (Fig. 7A ). They are grey on fresh surfaces whereas black, dark brown to beige on their exposed, oxidized surfaces, and contain up to 0.5 mm in diameter and 10 mm long serpulid tube worms and very rare bivalve shells (Fig. 8B, C) . Locally the carbonate fossils are corroded resulting in moldic porosity (Fig. 7E ).
The carbonate matrix consists of rice-shaped 3-5 μm long grains of high Mg-calcite (Fig. 9E ).
The sample includes 10-20 μm long, rare grains of illite-mica, albite and chlorite, confirmed by the EDS analysis.
Detailed SEM observations show that the matrix of the chimney and mound carbonates consists of rosettes of acicular aragonite crystals and rice-like grains of high Mg-calcite ( Fig.   9B , E). The matrix also contains microbial organic matter covering the cavity surfaces (Fig.   9C ) or occurring as fibrous filamentous mats (Fig. 9D) , and rare 10-20 μm clay mineral and less than 1 μm pyrite grains. The cavities are lined by at least two different aragonite layers (Fig. 9B ).
Mineralogy
The authigenic carbonates consist mainly of aragonite, with lesser amounts of high Mgcalcite, calcite and local dolomite ( Table 2) . The XRD analysis also shows that some Central
High samples (1664-R1, 1661-R7) and a sample from the SE Tekirdağ Basin (DV04-CC-01)
contain minor amounts of pyrite and gypsum. Samples DV05-CC01 and DV04-CC04 contain major amount of quartz, in addition carbonate minerals. Sample DV04-CC04 also includes some illite and minor to trace amounts of smectite, gypsum and pyrite. Pyrite was observed as framboids under the SEM.
Elemental composition
Elemental composition of the authigenic carbonates indicates that the Ca content ranges from 14.38 to 38.55 wt%, which corresponds to 36.0-96.4 wt% CaCO 3 (Table 3) 
Stable isotope composition
Carbon isotope values of 33 authigenic carbonate samples from the Sea of Marmara range between -47.6 and -13.7‰ V-PDB (Table 2) 
4.4.U-Th ages
U-Th ages of five seafloor authigenic carbonate cements and one coral sample range between 0.11 ka BP and 9.61 ka BP (Table 4) . One sample (DV04-CC01) is characterized by low δ 234 U initial value (<130).
Considering U-Th ages of all 14 seafloor carbonate crusts analysed by this study and Crémière et al. (2013) , six samples are recent (<1 ka BP) ( Table 2 ; Fig. 10 ). The recent samples are all from the Tekirdağ and Çınarcık basins, except for one sample (1664-R2)
from the Central High. The other four samples are between 1 ka BP and 4 ka BP, two samples between 6 ka BP and 7 ka BP and two samples between 9 ka BP and 10 ka BP, with gaps between 4 ka BP and 6 ka BP and 7 ka BP and 9 ka BP. The oldest two samples (1661-R4 and 1664-R5) with ages of 9.61 ka BP and 9.14 ka BP are from eastern Central Basin.
These samples represent a banded seafloor carbonate pavement and the top of the nearby 2 m-high carbonate mound, with their surface covered with a few mm-thick ochre, umber to black Fe-Mn-oxyhydroxides (Fig. 4C ).
Discussion
Factors controlling the carbonate mineral composition
Factors determining the mineralogy of early diagenetic authigenic carbonate mineral in marine and lake basins include the degree of saturation with respect to the carbonate minerals (i.e., Ca 2+ and HCO 3 -activities), SO 4 -2 concentration, Mg 2+ /Ca 2+ ratio, temperature, and microbial activity (Mackenzie and Pigott, 1981; Burton and Walter, 1987; Morse at al., 1997; De Choudens-Sanchez and Gonzalez, 2009; Peckmann et al., 2001; Reitner et al., 2005; Naehr et al., 2007) . High degree of oversaturation with respect to carbonate minerals and high SO 4 -2 concentrations favour aragonite over calcite and high Mg-calcite. Such conditions are found at gas seeps, where intense methane fluxes shift the sulfate/methane interface (SMI) near the sediment-seawater interface and result in high alakalinity. Precipitation of dolomite is promoted by high molar Mg 2+ /Ca 2+ ratio and microbial activity, which commonly occur in the zone of methanogenesis (Mackenzie and Pigott, 1981; Greinert et al., 2001; Çağatay et al., 2001; Orphan et al., 2004; Naehr et al., 2007) .
The mineral composition of the authigenic carbonates in the Sea of Marmara appears to vary independently of the tectonic and geographic settings. However, whereas aragonite seems to be the major mineral in the carbonate crusts of the compressional Western and Dolomite is considerably more scarce in the seafloor authigenic carbonate samples than in the subsurface authigenic carbonate nodules analysed by Crémière et al. (2013) in cores recovered from the southeast Tekirdağ Basin and Western High. The core from the former site is located near the seepage site of the Marmara "Lake" brackish water , and contains more dolomite than the latter site.
Considering that the sedimentation rate during the marine stage of the Sea of Marmara relatively low salinity and low SO 4 -2 concentrations that were caused by the dilution of the bottom waters with the brackish Marmara "Lake" waters known to be emitting at these basinal sites Tryon et al., 2010; Crémière et al., 2012) .
In the Çınarcık Basin the carbonate crusts consist mainly of aragonite with minor to trace amounts of high Mg-calcite, except in the mound at dive site DV05, where subequal amounts of aragonite and calcite are present. This site is located on the same extensional fault system where freshening of pore waters with depth, high alkalinity (up to 24 mM/kg) and an SMI close to the surface were observed a few km westward in the basin (Henry et al., 2007; Tryon et al., 2010) . Aragonite, appears to have deposited during a more vigorous outflow of brackish waters with low SO 4 -2 concentrations (Fig. 8A, 9C and D), whereas calcite more likely deposited later mainly as a pore-and cavity filling cement under seawater-dominated conditions during a waning stage of the brackish water expulsion. However, Crémière et al.
(2012) considered calcite to be mainly of biogenic origin. This may be true for samples with less than 15% calcite but not for samples 1661-R4, DV05-CC01, 1661-R7, DV04-CC04 and 1649-R1 containining between 23% and 50% calcite ( Table 2 ). This is because the microdrilled samples excluded visible fossil material. Moreover, the microscopic observations showed that the sampled authigenic carbonate material included less than 5% microfossils.
On the Western and Central highs, the pore fluids carry the signatures of deep, saline formation waters of the gas and oil bearing Thrace basin, and possibly the gas hydrate formation (Bourry et al., 2009; Tryon et al., 2010) (Fig. 1B, E ). In particular, at dive site 1662 on the Western High, outflow of brines from a mud volcano, type II gas hydrates in the sediment at 6 m below seafloor, seepage of heavy hydrocarbon gases and oil, and barite precipitates are observed (Figs. 2, 3B ). The conditions of high hydrocarbon gas flux, high oversaturation with respect to carbonate minerals and high salinity of the fluids on the compressional highs are in agreement with the aragonite being the main carbonate mineral of the authigenic crusts at these sites. Fig 11) . In general, the high variability in the δ 13 C values can be explained by different sources contributing to the dissolved inorganic carbon (DIC) pool at the time of authigenic carbonate precipitation at a given site (e.g., see Ruffine et al., this issue a). The DIC sources include the anaerobic oxidation of microbial and thermogenic methane (AOM), CO 2 produced in the zone of methanogenesis and mantle, biogradation of sedimentary organic matter and heavy hydrocarbons, and detrital and biogenic carbonates (microfossils, shell fragments) cemented within the authigenic carbonate.
Stable isotope composition and origin of the dissolved inorganic carbon
Samples with δ 13 C values of -40‰ to -20‰ are considered to be indicative of a DIC source produced predominantly by anaerobic oxidation of thermogenic methane, whereas values lower than -40‰ are related to isotopic signatures of the anaerobic oxidation of microbial methane (e.g., Naehr et al., 2000 Naehr et al., , 2007 Orphan et al., 2004 (Bourry et al., 2009; Tryon et al., 2010 Tryon et al., , 2012 . The hydrocarbon gases sampled at this sites (Bourry et al., 2009 ) have similar isotopic signature with the natural gas produced from the Thrace Basin (Gürgey at al., 2005 (Gürgey at al., , 2009 ). The Western and
Central highs are also the sites of mantle He, heavy hydrocarbon gas and oil. It can therefore be concluded that the carbonate crusts with δ (Fig. 1B) . These samples consist mainly of aragonite and represent early stage authigenic cements.
Samples with δ 13 C values higher than -25‰ (DV02-CC03, 1662-R1, 1662-R4, 1664-R2) require some admixture of heavy carbon ( 13 C) mainly from the oxidation of heavy hydrocarbons, methanogenesis reaction in the subsurface, or oxidation of gases from hydrate dissociation providing the DIC pool with 13 C (e.g., Bohrmann et al., 1998; Greinert et al., 2001; Orphan et al., 2004; Naehr et al., 2007; Bahr et al., 2010; Crémière et al., 2012 Crémière et al., , 2013 .
These processes are supported by a crude oil seep, gas hydrate presence and 4% CO 2 with positive δ 13 C values (+29‰ VPDB) from the mud volcanoes on the Western High (Bourry et al., 2009; this issue a), as well as δ 13 C values of up to +14.2‰ of the subsurface carbonate nodules in two cores from the Western High, (Crémière et al., 2012 (Crémière et al., , 2013 .
Subsurface carbonate nodules in one of these core (MNT-KS27) containing gas hydrates consist mainly of high Mg-calcite. With δ 13 C values of -21.4‰ to +9.2‰ these nodules are related to diffusive upward flux of hydrocarbons generated by gas hydrate destabilization (Crémière et al., 2013) , as proposed elsewhere for other hydrate-bearing settings (Bahr et al., 2010; Bohrmann et al., 1998; Greinert et al., 2001 ).
The minor carbonate associated with the barite sample (1666-R1) is aragonite and has δ 13 C value of -0.6‰ (Table 2) . On the other hand, the two corals from the Çınarcık and
Central basins have the same δ 13 C value of -4.6‰, which likely represents δ 13 C value of the bottom seawater DIC values.
Oxygen isotopic composition of authigenic carbonate crusts can be used to reconstruct the precipitation temperature or the isotopic composition of fluids, assuming thermodynamic equilibrium (e.g., Kim and O'Neal, 1997) . In the case of the Marmara seafloor carbonate crusts, using the constant bottom water temperature of 14.5°C and the oxygen isotopic ratio of 1.58 ± 0.03‰ (1σ) V-SMOW (Rank et al., 1999) , the δ 18 O values of aragonite, high-Mg calcite and dolomite precipitating in equilibrium from the Marmara bottom water would have 2.78‰ V-PDB, 2.34‰ V-PDB and 5.81‰ V-PDB, respectively (Crémière et al., 2012) .
These theoretical δ 18 O values are broadly compatible with the δ 18 O values of most Marmara seafloor authigenic carbonate samples, ranging between 1.3‰ and 3.8‰ V-PDB (Table 2 , Fig. 11 ). However, the Marmara carbonate crust δ 18 O values show no apparent relationship with the mineral composition; the ranges for aragonite-rich, Mg-calcite and dolomite-rich samples are 1.6‰ -3.3‰ (mean: 2.7‰, n=13), 1.8‰ -3.8‰ (mean: 2.6 ‰, n=4) and 2.5‰-2.9‰ (n=2), respectively.
The relatively low δ 18 O values (0.5-2.3‰ V-PDB) of the Marmara authigenic carbonate crusts suggest contribution of brackish Marmara "Lake" waters whereas heavy values (2.8-3.8‰) are likely due to admixture of deep formation waters from the Thrace Basin or waters from the destabilization of gas hydrates (Naehr et al., 2007; Bahr et al., 2010; Crémière et al., 2012) . The lowest δ 18 O value of 0.5‰ is found in one carbonate crust sample (1649-R1) from the western part of the Central Basin (Table 2 , Fig. 1C ). The next lowest value of 1.3‰ are measured in two authigenic carbonate crust samples (DV04-CC01 and 1667-R3) from the chimney "Jack the Smoker" and its near vicinity in SE Tekirdağ Basin (Fig. 1B) . These sites in the Central and Tekirdağ basins emit brackish Marmara "Lake"
waters. With a δ 18 O value of -10.2‰ V-SMOW (Aloisi et al., 2015) , the late Pleistocene Marmara "Lake" water could precipitate carbonate minerals with δ 18 O values of -9.2‰ PDB to -7.2 ‰ PDB at 14.5ºC, and thus contribute to the low values in the carbonate crusts. Pore- 
Formation of the authigenic carbonates and black reduced sediments
The seafloor authigenic carbonates in the Sea of Marmara occur as pavements, crusts, slabs, mounds and chimneys along the active faults of NAFS, and are commonly associated with black reduced sediment patches and often with active hydrocarbon gas emissions. In such authigenic carbonate sites with high methane flux, the SMI occurs at or close to the seafloor, whereas elsewhere in the Sea of Marmara, the same interface is located at between 2 m and 7.5 m below the seafloor (Çağatay et al., 2004; Halbach et al., 2004; Tryon et al., 2010) . These features, together with very light stable carbon isotope values (δ 13 C=-29.8 to -47.6‰) and the presence of 13 C-depleted archaeal and bacterial biomarkers (sulfate reducing bacteria and ANME-2 archaea) characteristic of AOM (Chevalier et al., 2011; Akhoudas et al., this issue; Teichert et al., this issue) , indicates that the AOM on the active faults is the major process responsible for the carbonate precipitation. With a high upward methane flux, this reaction provides the necessary HCO 3 -and HS -ions for the precipitation of the authigenic carbonate crusts and Fe-sulphides in the black reduced sediments at or close to the seafloor (e.g., Greinert et al., 2002; Naehr et al., 2007; Peketi et al., 2012; Crémière et al., 2013; Pierre et al., 2012) .
Many carbonate crust samples contain pyrite grains and framboids and Fe-oxyhydroxide veins, and are characterized by higher than 0.5 wt% S, 1 wt% Fe and 20 μg/g Mo ( Table 2 ).
The presence of pyrite in the carbonate crusts suggests deposition under reducing conditions. Barium in the Western High barite precipitates and the carbonate crust samples from the eastern edge of the Central Basin with Ba values higher than 400 μg/g are sourced from dissolution of authigenic (bio) barite below the SMI, which diffused and/or advected upwards to deposit at or near seafloor by reacting with the seawater SO 4 -2 (Naehr et al., 2007; Tryon et al., 2010 .
Fracturing and fine fracture filling by carbonate and pyrite suggest later fault activity and/or associated fluid activity. However, black to dark brown Fe-Mn staining on the surface of some crusts together with common presence of solution pores indicate that these carbonate crusts were later oxidized and dissolved by the acidic conditions created by the pyrite oxidation (Crémière et al., 2010) . Another possible scenario for carbonate dissolution is the aerobic oxidation of methane and hydrogen sulphide, which was suggested for Eastern
Mediterranean Sea mud volcano carbonate crust (Himmler et al., 2011) . Minor amount of well-developed gypsum observed in such carbonate crusts are formed by reaction of Ca 2+ with the SO 4 -2 produced by pyrite oxidation (Lin et al., 2016; Pierre, 2017) .
Temporal evolution of authigenic carbonates
U-Th ages of five seafloor authigenic carbonate cements and one coral sample analysed in this study range between 0.11 ka BP and 9.61 ka BP (Table 4) The age data so far obtained from the seafloor carbonate crusts of the Sea of Marmara by this study and Crémière et al. (2013) are too few (i.e., 14 U-Th dates) to discuss their detailed temporal evolution and relation to the paleoenvironmental changes, and especially to the seimotectonically triggered fluid activity. Nevertheless, it is possible to make some assumptions about the temporal-environmental evolution of the seafloor authigenic carbonates using the available U-Th data.
The U-Th ages of the 14 seafloor authigenic carbonate samples show some gaps during 4-6 ka BP and 7-9 ka BP intervals ( Table 2 , Fig. 10 ). Six samples have ages less than or nearly equal to 1 ka (Table 2 ; Fig. 10 ), in conformity with being exposed on the seafloor or under only a few centimetre sediment cover. The occurrence of older authigenic carbonates being exposed on the seafloor, can be explained by non-deposition due to winnowing by bottom currents and/or continuous fluid emission as previously suggested by Crémière et al. (2013) . The oldest two samples (1661-R4 and 1664-R5) from eastern Central Basin with ages of 9.61 ka BP and 9.14 ka BP are covered by a few mm-thick veneer of ochre, umber to black Fe-Mn-oxyhydroxides, which conforms with their old age. These two samples, representing a banded seafloor carbonate pavement and the top of the nearby 2 m-high carbonate mound are likely formed by the large methane release from gas hydrates dissociation in the Sea of Marmara during 12.7 to 9.5 cal ka BP (Ménot and Bard, 2010) . This event was most likely related to global warming because the Marmara bottom water, consisting essentially of the Mediterranean surface water, was subjected to temperature increase after the late glacial, as discussed by Ménot and Bard (2010) . Another possible mechanism for the gas hydrate dissociation would be the warm fluids ascending through the faults but no hydrothermal fluids have been detected so far on the seafloor during the various cruises carried out since the 1999
İzmit earthquake. Crémière et al. (2013) in two cores from the Western High, which were estimated to have formed by the AOM reaction at a few cm to 40 cm below the seafloor. The ages of 16 buried carbonate nodules range between 6.7 ka BP and 13.6 ka BP, with most of the samples gathering between 9 and 10 ka. The 9-10 ka period of main authigenic carbonate formation is well after the reconnection of the Sea of Marmara with the Mediterranean at 14-12 ka BP (Çağatay et al., 2000 (Çağatay et al., , 2015 (Çağatay et al., , Vidal et al., 2010 . Crémière et al. (2013) related the formation of the carbonate nodules to the anoxic period in the Sea of Marmara, which led to the deposition of the Holocene Marmara sapropel (Çağatay et al., 2000 Tolun et al., 2002) . However, the main authigenic carbonate formation during 9-10 ka in the Sea of Marmara overlaps but does not completely match with the recently determined age of 12.3 -5.7 calkyr BP for the Holocene Marmara sapropel (Çağatay et al., 2015) . Moreover, the sapropel was deposited mainly under suboxic and dysoxic conditions, rather than anoxic conditions, as indicated by the presence of benthic foraminifera (Çağatay et al., 2000, 2009) . These facts, together with the variable δ 13 C values of the buried authigenic carbonate nodules between -21.3‰ and +14.2‰ showing changes in the contribution of different sources, all suggest that different processes such as seismo-tectonics and gas hydrates destabilization due to global warming might have played important roles in the formation of the authigenic carbonate crusts (e.g., Reagan et al., 2011; Marín-Moreno et al., 2013; Crémière et al., 2016) .
The fact that there were gas flares with fire balls during the 1999 İzmit earthquake and the intense gas emissions in the water column following the event (Alpar, 1999; Halbach et al., 2004; Kuşcu et al., 2005) , which decreased about ten years after the earthquake, strongly suggests a link between seismic and fluid activities in the Sea of Marmara. Similar relationship has been observed elsewhere in offshore areas such as North California, Costa Rica, Okhotsk Sea and Arabian Sea (e.g., Field and Jennings, 1987; Mau et al., 2007; Obzhirov et al., 2004 , Fischer et al., 2013 . Methane-related seafloor and buried authigenic carbonates could therefore provide a valuable archive for paleo-seismic activity along the individual fault segments of the NAFS.
The U/Th ages of authigenic carbonates along the NAFS in the Sea of Marmara can not be specifically matched with the historical earthquakes (e.g., Ambraseys and Finkel, C.F., 1995; . This is mainly because of the insufficient U/Th age data and inadequate sampling strategy without consideration of textural details. Such a study would require detailed sampling and U/Th dating of the authigenic carbonates at specific sites, with a careful consideration to the paragenetic relationships of the different carbonate precipitation phases and fine textural features, such as the layering and cross-cutting relationships. In this regard, a high-resolution multi-proxy study carried out by Teichert et al. (this isue) in the southeast Çınarcık Basin provides a promising example for the use of authigenic carbonates as archives of past seismic activity.
Summary and conclusions
Widespread methane-related seafloor authigenic carbonate crusts occur as pavements, mounds and chimneys along the NAFS in the Sea of Marmara, which are often associated with patches of reduced (Fe-sulphide-rich) sediments. In the deep basins, the carbonate crusts and the black reduced sediments are located on the hydrocarbon-rich fluid emissions from the active faults, whereas on the compressional Western and Central highs they are observed on the mud volcanoes and anticlines nearby the active fault. They were precipitated at or close to the seafloor under bottom water conditions similar to those of the present day. U-Th ages of five seafloor authigenic carbonate cements range between 0.11 ka BP and 9.61 ka BP, with most of the samples dating less than 1 ka BP. Two samples from eastern most part of the Central basin date back to 9-10 ka BP and are likely related to the event of large methane release in the sea of Marmara during 12.7 to 9.5 calkyr BP.
Various lines of evidence suggest a strong association between the seismic and fluid activities in the Sea of Marmara, that make the authigenic carbonates an important archive of paleo-earthquakes. Therefore, a systematic study involving U-Th dating together with stable isotope and biomarker analyses of the seafloor and buried carbonate crusts and nodules along the various segments of NAFS is recommended. Such a study, taking into consideration of the paragenesis of different carbonate precipitation phases during the sampling, would contribute to the understanding of the relations between seismic and fluid activities and the temporal evolution of the processes leading to the formation of the carbonate crusts, chimneys and mounds.
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